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Spontaneous breathing (SB) is often permitted in patients with acute respiratory distress syndrome (ARDS) (1, 2) , in part because oxygenation is better (1) and diaphragm disuse is avoided (3, 4) . However, strong spontaneous effort injures lung and diaphragm (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and in patients with severe ARDS, prevention of SB with neuromuscular blockade improves survival (14) . The lung injury caused by spontaneous effort potentially seems to be proportional to the magnitude of the effort (9-13, 15, 16) . This is consistent with the findings that high respiratory drive is independently associated with failure of noninvasive ventilation (17) , and that such patients have a particularly poor prognosis (18) .
In normal fluid-like lung, the inspiratory deflection (swing) in pleural pressure (Ppl) resulting from diaphragmatic contraction is rapidly dissipated across the whole pleural surface (19) (20) (21) . In contrast, in the injured solid-like lung, the inspiratory Ppl swing is not dissipated, but is confined to the dependent regions where it is generated (11, 13) . Thus, stronger spontaneous effort results in more negative swings in Ppl in the dependent lung. The resulting higher local lung stress causes injurious inflation patterns (i.e., local overstretch [11] and tidal recruitment in the dependent lung [12, 13] ) by drawing gas either from other lung regions (e.g., nondependent lung [pendelluft]) (11) or from the ventilator. Therefore, it seems that stronger spontaneous effort would predominantly injure dependent lung; however, this has never been demonstrated.
Recruitment of injured lung (e.g., using higher positive end-expiratory pressure [PEEP] ) is known to decrease tissue heterogeneity (22) . This may help to convert solid-like (more atelectatic) to fluid-like (less atelectatic) lung; and if successful, PEEP may diminish the injurious inflation patterns associated with spontaneous effort (12) .
We therefore hypothesized that in injured lungs, spontaneous effort would increase injury in dependent lung, and that such injury would be reduced by PEEP.
We investigated these two phenomena in established models of severe ARDS (rabbit and pig) and in patients with ARDS, and measured the impact of PEEP on regional injury associated with spontaneous effort (histology in the rabbit; positron emission tomography [PET] in the pig), regional inspiratory Ppl (intrabronchial balloon manometry in the pig) and lung stretch (electrical impedance tomography [EIT] in the pig), and the effect of PEEP on the intensity of inspiratory effort in patients with ARDS. Twenty-eight New Zealand white rabbits were anesthetized. An esophageal balloon (SmartCath, Bicore) was inserted to measure esophageal pressure (Pes). Severe ARDS was induced by lung lavage followed by injurious mechanical ventilation. Then, animals were randomly assigned to one of four groups: 1) high PEEP with SB, 2) high PEEP without SB, 3) low PEEP with SB, or 4) low PEEP without SB.
Methods
Animals were ventilated for 6 hours, using low VT (6-6.5 ml/kg, regulated by adjusting inspiratory pressure) with pressure-controlled ventilation. The respiratory system compliance (Crs) was measured at each decremental PEEP step after lung recruitment. High and low PEEP were set as follows: 
At a Glance Commentary
Scientific Knowledge on the Subject: Transmission of negative swings in pleural pressure caused by diaphragmatic contraction is impaired in the injured (solid-like) lung; therefore, negative pleural pressure is localized at the dependent lung. The resulting higher local lung stress in the dependent lung is a key mechanism whereby spontaneous effort causes local overstretch and tidal recruitment in the dependent lung by drawing gas either from other lung regions (e.g., nondependent lung [pendelluft]) or from the ventilator. Thus, converting solid-like (injured, atelectatic) to fluidlike (recruited, normal) lung and/or lowering the level of spontaneous effort might lessen injury from spontaneous effort.
What This Study Adds to the
Field: Lower levels of positive endexpiratory pressure (PEEP) resulted in stronger inspiratory effort, higher local lung stress in dependent lung, and greater inflammation (detected by positron emission tomography; pig) and histologic injury (rabbit) predominantly in dependent lung. Higher PEEP abrogated all of these effects. In patients with acute respiratory distress syndrome, higher PEEP reduced inspiratory effort and thus lowered VT. These data identify the mechanism of dependent lung injury with spontaneous effort; the effort-dependent lung injury was minimized by high PEEP in severe acute respiratory distress syndrome, which could offset need for paralysis and protect against diaphragm disuse. Dynamic computed tomography (CT) scans were performed at 5-10 mm above the diaphragm at the start (0 h) and end (6 h) of the protocol. Tidal recruitment, distribution of aeration, and distribution of ventilation were estimated as previously described (13) .
Regional Lung Histology: Rabbit
The right lung was fixed and stained with hematoxylin and eosin, and sliced at approximately the same transverse levels as the CT scans. Three noncoincident fields (lateral, center, medial) from each nondependent, middle, dependent lung region were assessed for 1) air space hemorrhage; 2) neutrophils (air space, vessel walls, and alveolar walls); and 3) thickness of the alveolar wall, interstitium, and hyaline membrane formation (23) .
Estimation of Local Pleural Pressure: Pig
Local negative swing in Ppl (i.e., DPpl) was measured in nondependent and dependent regions (n = 5) by balloon catheter occlusion of subsegmental bronchi via a fiberoptic bronchoscope as follows: nondependent region, left B; dependent region, left lower lobe beyond D4. The pressure swings in the occluded subsegments were used as surrogates for DPpl, as described previously (24) . Simultaneous pressure recording of DPpl and DPes were performed, while preserving spontaneous effort at high PEEP versus low PEEP.
Estimation of Local Lung Stretch: Pig
The local lung stretch imposed by spontaneous effort (vs. muscle paralysis) at high PEEP versus low PEEP was determined by secondary analysis of data from a previous experiment (12) . EIT data were recorded using the Enlight impedance tomography monitor (Timpel). Local lung stretch (delta Z) was analyzed after division of the thorax into three zones (i.e., nondependent, middle, dependent regions).
Experimental Protocol: Pig
Thirteen Landrace pigs were anesthetized. An esophageal balloon (Copper Surgical) was inserted to measure Pes, and the electrical activity of the diaphragm (EAdi) was estimated by a specialized catheter (Maquet-Getinge). Severe ARDS was induced by lung lavage followed by injurious mechanical ventilation. Then, animals were randomly assigned to one of two groups: high PEEP plus SB, or low PEEP plus SB. Animals were ventilated for 16 hours, using low VT (6 ml/kg, titrated by adjusting inspiratory pressure) with pressure-controlled ventilation. High PEEP was defined as minimum PEEP required to maintaining lung collapse less than 1% using EIT during decremental PEEP steps after lung recruitment (25) , and low PEEP was set according to the ARDSNet PEEP/FI O 2 table (26) . Sedatives were titrated in both groups to the same target level of ΔEAdi. The target levels of ΔEAdi were evaluated before randomization (i.e., effort titration phase) to maintain the magnitude of the swing in Pes (DPes) at 210 to 215 cm H 2 O, at a PEEP level of approximately 8 cm H 2 O.
PET: Pig
Regional lung inflammation was assessed with dynamic PET-CT of [ 18 F] fluoro-2-deoxy-D-glucose net uptake rate at two phases: after lung injury (first PET scan) and at 16 hours of the protocol (second PET scan). Regional lung inflammation was estimated according to lung density (27) . 
Results

Respiratory Variables: Rabbit and Pig
In rabbits, high-PEEP groups maintained higher oxygenation, with or without SB, than low-PEEP groups (Table 1 ). There was a transient increase in oxygenation in low PEEP with SB (vs. without SB) for the first 2 hours, and oxygenation was lower and similar thereafter with or without SB ( Table 1 ). In pigs, high PEEP with SB maintained better oxygenation than low PEEP with SB (Table 2) . In rabbits and pigs, VT was similar (z6 ml/kg, low VT) in all groups and PEEP was significantly greater in high-versus low-PEEP groups (Tables 1 and 2 ). In rabbits, peak ΔP L at the start was higher in low-PEEP than in high-PEEP groups, and was highest in low PEEP 1 SB at the end (Table 1) . In pigs, peak ΔP L was higher in low PEEP 1 SB than in high PEEP 1 SB (Table 2) .
Spontaneous Effort and PEEP: Rabbit, Pig, and Human
The intensity of spontaneous effort was estimated by DPes in rabbits and pigs, and in patients with ARDS by DPes (and/or DEAdi). In rabbits, DPes was lower in high PEEP than in low PEEP; it became significantly more negative in the low-PEEP group ( Figure 1A ), despite use of higher doses of sedatives (see Table E1 in the online supplement). The same relationship between DPes and PEEP was observed in pigs ( Figure 1B) , where DPes was more negative in the low-PEEP group than in the high-PEEP group, notwithstanding the higher sedative doses used (in low PEEP) to match the ΔEAdi levels in the two groups (see Table E1 ).
Because Pa O 2 was higher in highthan in low-PEEP groups, we performed additional experiments to maintain constant Pa O 2 (by adjusting FI O 2 ) during SB at low and high PEEP, and ΔPes was lower in the high-PEEP group (see Figure E1 ). But the behavior of ΔEAdi was not consistent with changing PEEP (ΔEAdi was decreased, increased, or unchanged; see Figure E1 ) in pigs.
The clinical features of 11 patients with ARDS are described (Table 3 ). High PEEP of For definition of abbreviations, see Table 1 . Data presented are mean 6 SD. *P , 0.05 compared with low PEEP 1 SB. (Figures 2 and 3) . VT was significantly lower in all patients with ARDS at high PEEP versus low PEEP (VT: 10.2 6 2.4 to 7.0 6 1.9 ml/kg; n = 11; P , 0.01) (Figure 2 ). In accordance with the findings in pigs, however, the behavior of ΔEAdi was not consistent with changing PEEP (ΔEAdi was decreased, increased, or unchanged) (Figure 2 ).
Regional Pleural Pressure and Lung Stretch: Pig
There was a large vertical gradient of inspiratory negative DPpl from nondependent to dependent regions at low PEEP. The magnitude of ΔPpl in dependent lung regions was almost twofold greater than ΔPpl in nondependent lung regions at low PEEP (218.1 6 4.0 vs. 29.8 6 2.9 cm H 2 O; P , 0.01) ( Table 4 ). In contrast, high PEEP significantly reduced a vertical gradient of DPpl from nondependent to dependent regions; DPpl in dependent lung regions was significantly reduced during spontaneous effort at high PEEP versus at low PEEP (Table 4) . Regional lung stretch estimated using EIT reflected the vertical gradient of ΔPpl in the presence of low PEEP: stronger effort at low PEEP (DPes: 25.6 6 1.3 cm H 2 O) shifted the ventilation into dependent lung regions, increasing dependent lung stretch almost fivefold greater than that of muscle paralysis at low PEEP, whereas mild effort at high PEEP (DPes: 22.0 6 0.7 cm H 2 O) increased dependent lung stretch only by 1.6 times that of muscle paralysis at high PEEP (Table 5 ).
Dynamic CT: Rabbit
Representative CT images (progression of no-aeration) at end-expiration in all groups are shown in Figure E2 . In accordance with the distribution of ventilation in EIT (Table 5) , dynamic CT confirmed that SB in low PEEP shifted the ventilation into dependent, atelectatic lung regions (see Table E2 ), causing the greatest degree of tidal recruitment in dependent lung (14.1 6 1.6%; P , 0.05 vs. other groups; see Table E3 and Figure E3 ). In contrast, muscle paralysis at low PEEP shifted the ventilation into nondependent lung (see Table E2 ). Thus, tidal recruitment was restricted in the upper parts of the atelectatic regions (i.e., mid-lung; see Figure E3 ). 
Distribution of Histologic Injury: Rabbit
The distribution of histologic injury in each group is presented (Figure 4 ; see Table E4 ) with illustrative sections ( Figure 5 ). In nondependent lung, injury was greatest in the two low-PEEP groups, and least in the two high-PEEP groups (i.e., low PEEP 2 SB low PEEP 1 SB . high PEEP 2 SB high PEEP 1 SB). In mid lung regions, injury was greatest in low PEEP 2 SB and least in high PEEP 1 SB (i.e., low PEEP 2 SB . low PEEP 1 SB high PEEP 2 SB . high PEEP 1 SB). In dependent lung, injury was greatest in low PEEP 1 SB, and least in high PEEP 1 SB (i.e., low PEEP 1 SB . low PEEP 2 SB high PEEP 2 SB . high PEEP 1 SB).
Thus, during SB low PEEP increased injury in all lung regions, but especially in dependent lung (most severe lung injury among all groups); in contrast, high PEEP during SB reduced injury in all lung regions. In contrast, during paralysis low PEEP increased injury in nondependent and especially in mid lung regions (most severe lung injury among all groups). High PEEP during paralysis reduced injury in nondependent and mid lung, but not in dependent lung.
Distribution of Inflammation: PET-Pig
Global lung inflammation at the start of protocol was similar in high-and low-PEEP groups (whole-lung K i 0.004 6 0.001 vs. 0.004 6 0.002 min
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). Stronger effort at low PEEP increased inflammation at normal, poorly aerated, and nonaerated lung regions, compared with high PEEP (see Figure E4) . Stronger effort at low PEEP increased inflammation especially in dependent lung regions close to the diaphragm during 16-hour protocol ( Figure 6 ); in addition, inflammation was progressively lower in lung regions more distant from the diaphragm (see Figure E5) . Finally, lung inflammation predominantly occurred in dependent lung regions, the same regions where the magnitude of local dependent lung stretch was equivalent to that applied by VT of 14 ml/kg during muscle paralysis (i.e., local volutrauma) ( Figure 7 ; see Video E1). In contrast, high PEEP during SB reduced inflammation across all lung regions, especially in normal, and poorly aerated and nonaerated lung regions ( Figure 6 ; see Figure E4 ).
Discussion
The main findings in this study are that although ventilator-induced lung injury during muscle paralysis is predominantly in baby lung (i.e., the nondependent) and especially middle lung at low (vs. high) PEEP, strong spontaneous effort increased injury (indicated by PET and histology) especially in the dependent lung; in addition, higher levels of PEEP minimized this dependent lung injury but preserved spontaneous effort.
A key mechanism whereby strong effort increased dependent lung injury was a large vertical gradient of inspiratory Ppl swings, between the nondependent (less negative DPpl) and the dependent (more negative DPpl) lung. The resulting higher local lung stress in the dependent lung caused injurious inflation patterns (i.e., local overstretch and tidal recruitment) in the dependent lung by drawing gas either from other lung regions (e.g., nondependent lung [pendelluft]) (11) (see Video E1) or from the ventilator.
Higher levels of PEEP rendered spontaneous effort less injurious by two mechanisms: lowering the level of spontaneous effort (via neuromechanical uncoupling), and by converting solid-like (more atelectatic) lung to fluid-like (less atelectatic) lung, which in turn reduces the vertical gradient of inspiratory DPpl. Thus, both mechanisms work together to promote a more homogeneous lung expansion by avoiding a disproportionately strong diaphragmatic contraction in relation to the other respiratory muscles.
Positive Pressure Ventilation Injures Baby Lung
In accordance with previous findings (27-31), the current study confirmed that at low levels of PEEP (in which case atelectasis predominated in the dependent lung), positive pressure ventilation during muscle paralysis worsened lung injury in baby (nondependent and especially middle) lung regions (Figures 4 and 5) . Corroborating these findings, lung imaging confirmed that paralysis caused a shift of ventilation from dependent (during spontaneous effort) toward middle and nondependent lung (during paralysis) (Table 5 ; see Table E2 ), leading to tidal recruitment that occurred only in the upper parts of the atelectatic regions (i.e., middle lung; see Figure E3 ). Thus, lung injury predominantly occurred in baby lung where higher inspiratory stretch occurred during muscle paralysis at low PEEP, and tidal recruitment enhanced the progression of lung injury in middle lung (32) (33) (34) .
Spontaneous Effort Injures Dependent Lung
The current data are the first to demonstrate that the bulk of effort-dependent lung injury occurred in the dependent lung, the same region where strong effort increased greater inspiratory stress (Table 4 ) and stretch (Table 5 and Figure 7 ). The findings are consistent using two techniques and two species: histology in rabbits (Figures 4 and 5 ) and PET scans in pigs (Figures 6 and 7) .
In ARDS, atelectatic lung tissue behaves in a solid-like manner, therefore deflections of Ppl caused by diaphragmatic contraction are poorly transmitted beyond the dependent, atelectatic lung to the reminder of the lung surface (11, 13) ; this caused a large vertical gradient of DPpl from nondependent (less negative) to dependent (more negative) lung (Table 4) . The resulting higher local lung stress in dependent lung caused substantial inspiratory stretch (approximately fivefold compared with muscle paralysis), by drawing gas either from other lung regions (e.g., nondependent lung [pendelluft]) (see Video E1) or from the ventilator without changing overall lung volume (i.e., VT) (11) (12) (13) . Thus, strong effort caused injurious inflation patterns including local volutrauma ( Figure 7 ) and tidal recruitment (see Table E3 and Figure E3 ), and dependent lung injury (Figures 4-7) .
Although injurious inflation patterns resulting from strong effort cannot be detected using standard airway monitoring (11, 13, 15) , it is clear from the current data that effort-dependent lung injury cannot be prevented by limiting VT or plateau pressure.
Minimizing Lung Injury from Spontaneous Effort
Higher levels of PEEP minimized effortdependent lung injury while preserved spontaneous effort during mechanical ventilation (Figures 4-7) , and there are two potential mechanisms of this effect: conversion of solid-like (more atelectatic) to fluid-like (less atelectatic) lung, and lowering the intensity of spontaneous effort.
First, high (vs. low) PEEP significantly reduced the amount of atelectatic solid-like lung and maximized fluid-like lung (see Table E3 and Figure E2 ), and this resulted in a smaller vertical gradient of negative Ppl deflections between dependent and nondependent regions (Table 4) . High PEEP achieved more homogeneous distribution of DPpl over the whole lung surface, after diaphragmatic contraction. The even distribution of inspiratory stress and stretch could diminish (focal points of) injurious inflation associated with spontaneous effort.
Second, higher levels of PEEP also decreased spontaneous effort (reflected by ΔPes, but not by ΔEAdi) (Figure 2 ; see Figure E1 ); this resulted in lower peak ΔP L (i.e., dynamic lung stress) and lower VT in patients with ARDS ( Figure 2) . Also, we confirmed that PEEP was a modifier of respiratory drive because ΔPes was lower at higher PEEP despite maintaining constant the other key parameters that influence respiratory drive (i.e., Pa O 2 , Pa CO 2 , and pH; see Figure E1 ).
Among several potential mechanisms whereby high PEEP may decrease spontaneous effort (reflected by ΔPpl) (35) (36) (37) (38) (39) (40) , the impact on the force-length relationship and curvature of the diaphragm may be important. High PEEP may change the force-length relationship of the diaphragm and reduce curvature of the diaphragm, leading to electromechanical uncoupling (35) (36) (37) 40) . ΔPes (or Ppl) after phrenic nerve stimulation is known to be lessened as the end-expiratory lung volume is increased (36, 37, 40) . Indeed, we demonstrate that a given level of ΔEAdi, ΔPes, was kept less negative for 16 hours at high PEEP (vs. low PEEP) in pigs ( Figure 1) . Also, in pigs and patients with ARDS, high PEEP reduced ΔPes, but not ΔEAdi (Figure 2 ; see Figure E1 ). This observation (i.e., neuromechanical uncoupling) explains, in part, why high PEEP reduced spontaneous effort (and why low PEEP increased it). Irrespective of the mechanism, higher levels of PEEP reduced the strength of spontaneous effort proportional to the greater magnitude of dependent inspiratory stretch, which in turn minimized effortdependent lung injury.
Study Limitations
There are several limitations to the current work. First, in this study (rabbits and pigs), we established a model of severe ARDS by the combination of repeated surfactant depletion and injurious mechanical ventilation. Then, rabbits were ventilated for 6 hours (and pigs for 16 h). In addition, this was a recruitable model; by contrast, human ARDS has many etiologies (e.g., pneumonia, sepsis, trauma) and the time-course is usually days (rather than hours, as in experimental models). In addition, the lung in human ARDS often has a heterogeneous distribution of aeration and, in contrast to the experimental setting, it may be difficult to recruit.
Although this model has been successfully used to illustrate key principles underlying ventilator-induced lung injury, caution is necessary in extrapolating the current data to the clinical context. The effects of high PEEP on the intensity of spontaneous effort (and lung injury) in nonrecruitable lungs are unknown. Second, in this study, we did not separate inspiratory effort component and expiratory effort component from total spontaneous effort. This is an important issue in future work because expiratory effort may potentially worsen lung injury, in part by decreasing expiratory transpulmonary pressure (41) .
Clinical Implications
These are the first data to report the localization of effort-dependent lung injury (dependent lung); taken together with earlier studies reporting that injury from mechanical breaths predominate in baby lung (27) (28) (29) (30) (31) , the emerging picture is that in ventilator-induced lung injury, the injury occurs in the lung regions receiving the most stretch (or ventilation). This could certainly impact on future definitions of injury (to include region), and future developments in regional lung monitoring and management.
The study also has potentially important management implications. Effort-dependent lung injury was not preventable using global parameters, such as limitation of VT or plateau pressure; instead, direct management of the strength of spontaneous effort and/or minimizing the proportion of solid-like (atelectatic) lung decreased effort-dependent lung injury without the use of muscle paralysis. The current study demonstrated that increasing PEEP can accomplish both of these aims, but in other situations, sedation or correction of acidosis may be used to reduce the inspiratory effort. This is important because even short-term blockade might cause serious ICU-acquired weakness; indeed, concerns about this may explain its infrequent use (,40%) in patients with severe ARDS, despite the strong evidence for survival benefit (14) .
Conclusions
Strong effort increases injury in dependent lung, the regions in which higher local lung stress and stretch was generated. Such injury was lessened with high PEEP, and this acted by converting solid-like into fluidlike lung and by lowering the intensity of spontaneous effort. Therefore, higher PEEP may facilitate noninjurious spontaneous effort in severe ARDS, and this may offset the need of muscle paralysis. n presented. This EIT image shows lung regions where lung stretch was increased because of pendelluft (translocation of gas from nondependent to dependent lung regions during inspiration), as white. VT was maintained at 7 ml/kg, but the magnitude of local dependent lung stretch (white regions), due to the localization of more negative Δ pleural pressure (i.e., higher local lung stress), was equivalent to that applied by VT of 14 ml/kg during muscle paralysis (i.e., local volutrauma). Correspondingly, PET imaging confirmed that lung inflammation predominantly occurred in the dependent regions, the same regions where local volutrauma occurred. 
